Summary Salix matsudana Koidz. cultivar 'Tortuosa'(corkscrew willow) is characterized by extensive stem bending and curling of leaves. To investigate the genetic basis of this trait, controlled crosses were made between a corkscrew female (S. matsudana 'Tortuosa') and a straight-stemmed, wild-type male (Salix alba L. Clone 99010). Seventy-seven seedlings from this family (ID 99270) were grown in the field for phenotypic observation. Among the progeny, 39 had straight stems and leaves and 38 had bent stems and curled leaves, suggesting that a dominant allele at a single locus controls this phenotype. As a first step in characterizing the locus, we searched for amplified fragment length polymorphism (AFLP) and randomly amplified polymorphic DNA (RAPD) markers linked to the tortuosa allele using bulked segregant analysis. Samples of DNA from 10 corkscrew individuals were combined to produce a corkscrew pool, and DNA from 10 straight progeny was combined to make a wild-type pool. Sixty-four AFLP primer combinations and 640 RAPD primers were screened to identify marker bands amplified from the corkscrew parent and progeny pool, but not from the wild-type parent or progeny pool. An AFLP marker and a RAPD marker linked to and flanking the tortuosa locus were placed on a preliminary linkage map constructed based on segregation among the 77 progeny. Sectioning and analysis of shoot tips revealed that the corkscrew phenotype is associated with vascular cell collapse, smaller cell size in regions near the cambium and less developed phloem fibers than in wild-type progeny. Identification of a gene associated with this trait could lead to greater understanding of the control of normal stem development in woody plants.
Introduction
Salix matsudana Koidz. cultivar 'Tortuosa', commonly known as corkscrew willow, curly willow or dragon's claw willow, exhibits tortuosity or twisted stem growth and the leaves develop a distinctive curl extending from petiole to distal leaf tip. Because of its attractive and unusual stem form, which is particularly striking during the winter months when foliage is absent, corkscrew willow has been widely propagated and planted as an ornamental tree in the United States (Aloni 1979 , Newsholme 1992 , Gilman and Watson 1994 . The documentation of cultivars with multiple names and properties implies that this variant has arisen independently multiple times (Newsholme 1992) . Contorted stem form occurs in several other genera of woody plants, including contorted hazelnut (Corylus avellana L. forma contorta (Bean) Rehder) and trifoliate orange (Poncirus trifoliate Raf. 'Flying Dragon'). The contorted phenotype is controlled by a single recessive gene in hazelnut (Smith and Mehlenbacher 1996) and a single dominant gene linked to rootstock dwarfing in trifoliate orange (Cheng and Roose 1995, Smith and Mehlenbacher 1996) .
Although the striking form of the dormant stems make corkscrew willow a favorite in dried flower arrangements, it is highly undesirable in timber wood. Understanding the genetic basis of stem growth straightness in trees would be of great relevance to the wood products industry, especially if the mutation causing twisted stem growth is associated with the formation of tension wood.
Tension wood occurs on the upper side of branches and stems in response to the stimulus of gravity and is usually associated with cambial growth (Pilate et al. 2004) . In poplar, tension wood is associated with a lower frequency of vessels, and wood fibers and vessels that are longer than in normal wood (Jourez et al. 2001) . Fibers in poplar tension wood have a poorly lignified layer (G-layer) that could be responsible for the characteristic bending (Pilate et al. 2004 ). Although there is no evidence that tension wood is responsible for the twisted growth of corkscrew willow or contorted hazelnut, there is evidence that, in hazelnut, cambial growth is greater on the inner side of the curved stem and that tension wood is present on the opposite side of the stem in most cases (Klynstra et al. 1964) .
To establish a genetic basis for the tortuosa phenotype in corkscrew willow, it is necessary to obtain molecular markers linked to the tortuosa locus. For this, we relied on amplified fragment length polymorphism (AFLP) and randomly amplified polymorphic DNA (RAPD) molecular marker techniques. The former is based on the selective PCR amplification of restriction fragments from a total digest of genomic DNA, generating fragments that are subsequently separated by denaturing gel electrophoresis. The RAPD technique is based on polymorphism of anonymous markers amplified from random primers. Both AFLP and RAPD loci are dominant markers (Vos et al. 1995 , Karp et al. 1996 , and both may provide an efficient way of generating a large number of markers for linkage studies or for assessing genetic diversity (Cai et al. 1994 , Karp et al. 1996 , Xu et al. 1999 , Yin et al. 2001 ). Here we describe the development of AFLP and RAPD markers linked to the tortuosa locus of S. matsudana 'Tortuosa' using bulked segregant analysis (BSA) (Michelmore et al. 1991 , Villar et al. 1996 to identify marker bands amplified from corkscrew parent and progeny that are absent in wild-type parent and progeny of an interspecific cross. In addition, stem cross sections of the corkscrew and wild-type progeny were examined for the presence of tension wood or other differences that may distinguish the phenotypes. Our overall objective was to gain an understanding of the mechanism by which stem development is controlled in this unusual plant, and thus add to our knowledge of the control of secondary growth in tree stems.
Materials and methods

Plant materials
A female corkscrew willow (Salix matsudana 'Tortuosa' Clone ID 'Maryville' collected in Oak Ridge, TN) was crossed with a wild-type male S. alba (Clone ID 99010 collected in Dewitt, NY) as described by Kopp et al. (2002) . Controlled pollinations were completed in a greenhouse in February 1999 with flower-bearing shoots placed in water and pollen that was extracted with carbon tetrachloride and stored at -20°C until use (Kopp et al. 2002) . Seeds from this family, designated 99270, were sown in potting mix and seedlings were established in 164 ml Deepot containers (Stuewe & Sons, Corvallis, OR) with mist irrigation in a glasshouse. Seventy-seven surviving seedling progeny were transplanted outside at the LaFayette Road Experiment Station (Syracuse, NY) at random locations with 25-cm spacing within a single row and 0.91-m spacing between adjacent rows of other willow seedlings. Stem and leaf forms were scored near the end of the growing season as being either corkscrew (displaying sine wave curvature along the longitudinal axis of the leaf and bending or contortion of the stem) or wildtype (straight-stemmed). Genomic DNA was isolated from~50 mg of field-grown leaf tissue from both parents and progeny with the DNeasy Plant Mini Kit (Qiagen Inc., Valencia, CA) according to the manufacturer's instructions, quantified by fluorometry (DyNAQuant 200, Hoefer Pharmacia Biotech, San Francisco, CA) and diluted to 100 ng µl -1 in sterile deionized water.
Segregation analysis and genetic linkage
For BSA, equivalent amounts of DNA from 10 corkscrew progeny and 10 wild-type progeny were independently pooled to create corkscrew and wild-type bulk samples, respectively. The number of individuals included in each bulk sample was based on previous successful BSA (Michelmore et al. 1991 , Villar et al. 1996 . We performed AFLP marker analysis to identify markers that were amplified from the corkscrew pool and the corkscrew parent, but not from the wild-type pool or the wild-type parent, and should therefore be tightly linked to the locus associated with the tortuosa phenotype. Once potentially linked markers were identified by BSA, further analysis was performed on each of the 20 individuals making up the pools using the AFLP primer combinations exhibiting polymorphism between the phenotypes. Finally, all 77 individual progeny were analyzed with candidate markers. The same strategy was employed for RAPD marker analysis. A preliminary map was generated with JoinMap v3.0 (Kyazma, Wageningen, The Netherlands).
AFLP analysis
The AFLP analysis was performed as described by Vos et al. (1995) using the AFLP Starter Primer Kit (Invitrogen Life Technologies, Carlsbad, CA) with additional modifications (Myburg et al. 2001) . Specifically, DNA from progeny pools or from the parents (250 ng) was incubated for 2 h at 37°C with EcoRI and MseI (New England Biolabs, Beverly, MA). After a 15-min incubation at 70°C, 24 µl of adaptor ligation solution and 1 µl (5 U) of T4 DNA ligase were added and incubated for 2 h at 20°C. Ten µl of ligation product was diluted 1:10 (v/v) with TE buffer. For preselective amplification, 40 µl of pre-amplification primer mix, 5 µl of 10× PCR buffer including Mg and 1 µl (5 U) of Taq polymerase (Sigma Chemical Co., St. Louis, MO) were added to 5 µl of diluted ligation product for a total volume of 51 µl. The polymerase chain reaction (PCR) was carried out in a PE 9700 thermocycler (Perkin-Elmer) with 28 cycles as follows: 94°C for 30 s, 60°C for 30 s and 72°C for 60 s. A 3-µl pre-amplification product was then diluted 1:50 (v/v), and an aliquot was used for selective amplification with EcoRI and MseI primers with three selective nucleotides at the 3′ ends. The components for each 20-µl reaction were: 5 µl diluted, pre-amplification product, 2 µl 10× PCR buffer including Mg, 0.5 µl IRDye 700 EcoRI+3 primer (50 ng µl -1 ) (Li-Cor, Lincoln, NE), 4.5 µl MseI+3 primer (containing dNTPs from AFLP Primer Kit), 1 U Taq DNA polymerase (Sigma) and distilled water. The selective amplification was carried out with 36 cycles as follows: 1 cycle of 94°C for 30 s, 65°C for 30 s, 72°C for 60 s, followed by 12 cycles in which the annealing temperature decreased 0.7°C per cycle, followed by 23 cycles of 94°C for 30 s, 56°C for 30 s and 72°C for 60 s. Twenty µl of tracking dye was added to the selective amplification products. Samples and Li-Cor IRD-labeled molecular mass standards were denatured at 94°C for 3 min before gel electrophoresis on 6.5% KB plus polyacrylamide gel matrix in 0.8× TBE (Li-Cor) using a Li-Cor Long ReadIR 4200 automated DNA sequencer. Gel images were scored manually for the presence or absence of bands.
RAPD analysis
Protocols for RAPD analysis have been described previously (Gunter et al. 2003) . Essentially, 640 different RAPD primers (kits A-Z and AA-AF, Operon Technologies, Alameda, CA) were employed to screen corkscrew and wild-type bulk samples and parents. Each 10-µl reaction mix contained 0.5 µmol KCl, 0.1 µmol Tris-HCl (pH 9.0), 0.1% Triton X-100, 0.02 µmol MgCl 2 , 2.0 nmol dNTP (2′-deoxynucleoside 5′-triphosphate), 0.5 U Taq DNA polymerase (Promega Corporation, Madison, WI ), 1 µg bovine serum albumin, 50 ng RAPD primer and 10 ng genomic DNA. Reaction conditions included 35 cycles of 94°C for 4 s, 36°C for 30 s and 72°C for 1 min terminated with a 5-min polymerization step at 72°C. Amplification products were separated electrophoretically on 1.5% agarose in 0.5× TBE containing 0.1 µg ml -1 ethidium bromide. The banding patterns were captured and digitized under UV light, and scored for presence or absence of visible markers.
Staining and sectioning
Stem cuttings of the parents and a subset of corkscrew and wild-type progeny were grown in a greenhouse. Sections (75 µm thick) were sliced from fresh tissues with a vibratome (Ted Pella, Redding, CA) and placed in cold fixative containing 0.5% (w/v) glutaraldehyde in 10 mM MOPS (pH 7.0). Five independent evaluations were made over 5 months. Tissues were mounted in 10% (v/v) aqueous glycerol for autofluorescence imaging with 365 nm exitation and 400 nm emission filters. Paraffin-embedded sections (10 µm thick) were stained for 1 min in a solution of 0.05% (w/v) toluidine blue and mounted in water for imaging. Images were recorded with an E-400 microscope (Nikon, Tokyo, Japan) equipped with a digital imaging system.
Results
Inheritance of tortuosity
Initially, 85 F 1 progeny were produced from the interspecific cross between corkscrew Salix matsudana 'Tortuosa' Clone 'Maryville' and wild-type S. alba Clone 99010. Of the progeny surviving in the field until the end of the growing season, 39 had wild-type stems and leaves ( Figures 1B and 1D ) and 38 had corkscrew stems and leaves ( Figures 1A and 1C) , representing a segregation that was not significantly different from a 1:1 ratio, suggesting that tortuosity is controlled by a dominant allele at a single locus that is heterozygous in the S. matsudana Clone 'Maryville' parent. Therefore, to find a molecular marker linked to the tortuosa locus, we searched for markers present in corkscrew individuals and absent from wild-type individuals.
Identification of an RAPD marker linked to the tortuosa locus
Six-hundred-and-forty random primers were screened with DNA from parents along with corkscrew and wild-type bulk samples. Among them, 530 primers produced detectable amplification products, but only 32 primers produced amplification products that differed between the bulk samples. These 32 primers were used to examine all individual genotypes comprising the bulk samples. Only one primer, OPQ-07, out of 640 primers tested produced a fragment that showed 100% segregation fidelity among the corkscrew (marker present) and wild-type (marker absent) individuals in the bulk samples. confirm the association between this PCR fragment and the tortuosa locus, all 77 progeny were individually tested and screened with OPQ-07. The results revealed that a band of 1200 bp amplified by OPQ-07 was present in 35 out of 38 corkscrew individuals and absent in 36 out of 39 wild-type individuals ( Table 1 ), indicating that this marker is tightly linked to the tortuosa locus.
Identification of AFLP markers linked to the tortuosa locus
To identify AFLP markers linked to the tortuosa locus, 64 selective primer combinations involving eight selective EcoRI+3 primers and eight selective MseI+3 primers were screened for their ability to generate AFLP bands from the S. matsudana parent, the S. alba parent and the S. matsudana × S. alba progeny pools. Thirteen primer combinations produced weakly amplified fragments or failed to give consistent amplification products and were therefore omitted from further analyses. Among the remaining 51 primer combinations, 10 generated polymorphic bands between the bulk samples of corkscrew and wild-type individuals. These 10 primer combinations were subsequently used to test the 20 individuals comprising the pools. Two primer combinations, E-ATT/M-CTA and E-ACG/M-CTG, amplified bands from all corkscrew individuals and only one wild-type individual (Figure 2 ). Samples of DNA from all available progeny were then analyzed to determine the linkage between these two AFLP markers and the tortuosa locus. With the primer combination E-ATT/ M-CTA, a 218-bp fragment was present in 35 of the 38 corkscrew individuals and nine of the 39 wild-type individuals. The primer combination E-ACG/M-CTG amplified a 100-bp fragment from 35 corkscrew and 17 wild-type individuals ( Figure 3 , Table 1 ).
Segregation and linkage analysis
The χ 2 tests (P ≤ 0.0005) of the segregation results allow us to reject the null hypothesis that these three loci were assorting independently ( Table 1 ). The inheritance of the dominant tortuosa allele, RAPD marker OPQ-07 and AFLP marker E-ATT/M-CTA was not significantly different from a 1:1 ratio in the progeny ( χ 2 tests, not shown), as would be expected if each of those loci was heterozygous in the corkscrew parent and homozygous recessive in the wild-type parent. However, the segregation of the AFLP marker E-ACG/M-CTG was significantly different from 1:1 ( χ 2 = 4.88, df = 1, P ≤ 0.05), but was not significantly different from a 3:1 ratio ( χ 2 = 1.05, df = 1, P > 0.10). Amplification of the E-ACG/M-CTG band from the S. alba parent (wild-type) was not detected. The inheritance of this marker among the progeny suggests that this locus is either: (1) heterozygous in both parents (but not detected in the S. alba parent) and is linked to the dominant tortuosa allele in the corkscrew parent (Table 1) ; or (2) present as two independent homologous loci in the corkscrew parent that are each heterozygous and segregating in the progeny, described as a double dose marker in tetraploid willows by Barcaccia et al. (2003) .
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TREE PHYSIOLOGY VOLUME 27, 2007 A draft linkage map including tortuosa, OPQ-07 and E-ATT/M-CTA was constructed with JoinMap v3.0 (Figure 4) . The E-ACG/M-CGA locus was omitted because of uncertainty about its segregation. This linkage group covers an estimated 25.1 cM of the Salix genome. The tortuosa locus maps most closely to and is flanked by RAPD marker OPQ-07 and AFLP marker E-ATT/M-CTA (Figure 4 ).
Anatomical characterization of corkscrew willow
Two basic observations arose from the toluidine blue assay of corkscrew and wild-type willow stem sections. First, there were smaller cells in corkscrew willow than in wild-type willow and evidence of cell collapse in petioles and, to a lesser extent, in stem internodes of corkscrew willow which was not seen in the wild-type ( Figure 5 ). Second, lignification, especially of phloem, appeared to be delayed in corkscrew willow relative to wild-type willow ( Figure 6 ). In corkscrew stems with sharp bending, phloem cells were barely detectable (data not shown).
Secondary xylem morphology differed between corkscrew and wild-type willow. At affected internodes, xylem fibers and vessels of corkscrew willow were smaller than those of the wild-type, but possessed more heavily lignified walls despite the initial delay in lignification (Figure 7 ). In addition, in corkscrew willow, vessel formation appeared to have been delayed in relation to fiber cell lignification judging from the presence of fiber cells immediately centripetal to the cambium, which were rarely seen in wild-type stems ( Figures 7G and 7H) . The root systems of the corkscrew progeny were similar to those of the wild-type, suggesting that the tortuosa locus may be differentially regulated above-and belowground. Plants exhibiting the most severe subapical twisting consistently developed a sharp upward turn about four to six internodes from the apex within 6 h of being inclined at an angle of about 60 to 75°from the vertical (data not shown). This response occurred only in the light and only in the corkscrew genotype.
Discussion
Efficiency of the marker identification strategy
The strategy of BSA using both AFLP and RAPD allowed us to identify markers linked to the tortuosa locus. The BSA approach is highly efficient in identifying associated markers because it minimizes the number of samples to be analyzed (Giovanni et al. 2004 , Mienie et al. 2005 . It has been widely used in conjunction with identification of molecular markers linked to economically important traits (Alstrom-Rapaport et al. 1998 , Hanada and Hirai 2003 , Inoue et al. 2006 . As a PCR-based technique, use of RAPD markers allows fast, simple and inexpensive detection of polymorphism with a small amount of DNA (Cao et al. 2001) . About 5% of the 640 random primers showed polymorphism between the corkscrew TREE PHYSIOLOGY ONLINE at http://heronpublishing.com and wild-type parents. We also employed AFLP technology, a reliably repeatable method that yields a relatively large number of polymorphic loci in a single assay (Negi et al. 2000) . The AFLP analysis demonstrated that about 30-70 distinguishable bands could be amplified with each selective primer combination and on average 10 to 30 of these AFLP bands were polymorphic between parents (data not shown). In total, about 2400 to 2500 bands were obtained with the 51 primer combinations, and a high percentage of polymorphism (25 tõ 63%) was observed between parents. This is within the range expected based on a study of genetic diversity in Salix, which found 645 polymorphic bands with four AFLP primer combinations (Barker et al. 1999) .
Anatomical characteristics of corkscrew willow
Initially, we assumed that tension wood would be associated with the twisted growth characteristic of corkscrew willow as it is in hazelnut (Klynstra et al. 1964) . We observed internodes of corkscrew willow with tortuous primary growth and presumably bearing little physical load, which contained regions of xylem with altered appearance. However, two specific features of tension wood, asymmetric radial growth (Scurfield 1973 ) and a G-layer staining pink to purple with toluidine blue (Pilate et al. 2004) in the secondary wall of xylem fibers, were absent in corkscrew willow.
As reported by Klynstra et al. (1964) , a disrupted pericambial zone with cells that were either unusually small or that had collapsed was evident in all petioles and many internodes of corkscrew willow ( Figure 5 ). The existence of these abnormal cells is presumably a consequence of the mechanical forces that cause the continual reorientation of branches and petioles of the corkscrew genotype (Scurfield 1973) .
We observed less developed phloem fibers in corkscrew stems (Figures 6 and 7) , as previously described by Klynstra et al. (1964) . In corkscrew internodes, not only did phloem fiber lignification start later, but the phloem fiber clusters were usually smaller (Figures 6 and 7) . In the secondary growth of woody plants, fibers provide mechanical support (Zimmermann and Brown 1971) . Corkscrew willow is known to have weak branch crotches that can make the tree prone to breakage (Gilman and Watson 1994) . Leaves of corkscrew willow tend to hang down rather than project out from the stems as in wild-type willows, probably reflecting a lack of lignified fibers or delayed lignification of fibers in internodes and petioles. Mature fibers primarily contain cellulose, which maintains tissue elasticity (Zhong et al. 1997) . Tension wood formation is associated with the development of xylem fibers with high cellulose content (Pilate et al. 2004) . Although the content of the phloem fiber walls in corkscrew willow is unknown, low lignin could cause cell shrinkage, thereby generating forces that result in tissue curvature.
Our finding that corkscrew stems twist sharply if oriented obliquely to the vertical in light indicates that the manifestation of tortuosity depends on the combined action of light and mechanical stimuli. Mechanical stimulus alone cannot trigger the reinforcement of the mutant phenotype. This observation suggests that, although the tortuous growth of corkscrew willow and tension wood formation may depend on some common signal transduction steps, they are controlled by different signaling pathways. marker, one RAPD marker and the tortuosa locus in the studied family, a map was assembled covering a distance of 25.1 cM. To our knowledge, this is the first report of molecular markers closely linked to contorted growth in Salix. The molecular markers flanked the tortuosa locus by 7.1 cM on one side and~18 cM on the other. If the ratio of the genetic to physical map distance in Salix is comparable with that in Populus (~200 kb cM -1 ) (Bradshaw et al. 1994 ), a closely related genus with a similar base chromosome number (19) as Salix, then distance from markers to the tortuosa locus is about 1.4 Mb on one side and~3.6 Mb on the other. Although none of the markers obtained in our study were tightly linked to the gene of interest, they might be useful in defining the chromosomal boundaries within which the tortuosa locus lies. These markers may be useful in the isolation of candidate gene(s) that primarily or partially determine the tortuosity phenotype in Salix. Use of molecular markers to develop genetic maps in Salix in general provide great potential for increasing the efficiency of genetic improvement through marker-assisted selection of cultivars with traits of interest (Smart et al. 2005) .
Toward breeding of willow
Future work
Similar studies with other varieties of corkscrew willow will reveal if this phenotype derives from a common locus among TREE PHYSIOLOGY ONLINE at http://heronpublishing.com the varieties available (Newsholme 1992) . We hope to further map and clone this locus and compare the sequence from corkscrew willow with the recently sequenced and assembled Populus trichocarpa Torr. & A. Gray genome (Wullschleger et al. 2002 , Tuskan et al. 2006 ). Our expectation is that the portion of the S. matsudana genome containing the tortuosa locus will be syntenic with the Populus genome, such that the sequences obtained from these molecular markers will align with the comparable region in poplar. Colinear genetic maps of Salix and Populus support the conclusion that both lineages share the same large-scale genome history (Hanley et al. 2006) , suggesting that the analysis of the poplar sequence may allow successful identification of gene candidates and the development of transgenic constructs to determine the genetic mechanism responsible for the development of tortuous stems and curled leaves in corkscrew willow, with broader implications for the study of secondary wall formation.
